We investigated the propagation of single-and multi-mode terahertz (THz) radiation through a parallel-plate waveguide for various gap sizes of the plates and polarizations of the incoming THz eld. Single TEM (TM0) and TE1 modes within the 4-THz frequency range propagated through a waveguide with a plate separation of 103 m. Multi TE and TM modes were observed for a 360-m separation. High-order modes have a very high group velocity dispersion near the cuto frequencies, which causes extensive pulse reshaping and broadening, in addition to multimode interference in the time and frequency region. The majority dominant mode is a combination of the TE1 (97.96 %) and the TM0 (81.61 %) modes because the lowest mode has a small absorption and an incident even eld pattern. Because each mode has dierent transmission and coupling coecients, absorption and propagation constant, the theoretical calculation for the total TM or TE modes requires a summation of the components. The theoretical calculation and the measured data t well in the frequency and time domain.
I. INTRODUCTION
Recently, ecient coupling of subpicosecond THz pulses into several waveguides has been achieved by using hyperspherical and plano-cylindrical silicon lens located at the middle of freely propagating THz beams in air [1{3] . Low-loss and single-TEM-mode propagation using metallic parallel-plate waveguides (PPWGs) has been demonstrated [2{4] . Air traveled THz time-domain spectroscopy (THz-TDS) has been used as a powerful tool to scientists [5, 6] . The PPWG is also very interesting research topic for THz-TDS because most of the THz energy is concentrated in the parallel-plate gap [7, 8] . When the spaces between the parallel plates of a PPWG are lled with a dense dielectric medium, the low loss and non-dispersing TEM mode is used for THz waveguide spectroscopy to study biosensing [9, 10] , chemical materials [11, 12] and photonic waveguide [13, 14] . In addition, a PPWG can be used for THz surface plasmon coupling to a long metal sheet [15] . Plate separation is an important parameter to determine the number of modes. The parallel-plate separation and the polarization of the incoming electrical eld relative to the plate's surface determine the number of modes and the type of modes. In this study, we report the characteristics of THz radiation through a PPWG lled with air for 103-m and 360-m plate separations for TE and TM modes, which depend £ E-mail: jeon@hhu.ac.kr; Fax: +82-51-404-3986 whether the incoming electrical eld is perpendicular or parallel to the plate's surface.
II. EXPERIMENT
The experimental setup shown in Figure 1 consists of a photoconductive GaAs transmitter and silicon-onsapphire receiver chips to generate and detect THz beam, respectively. The Si lenses located at the back side of the chips and the paraboloidal reectors align the THz beams. The PPWG is located between the two reectors. The incoming THz beam is horizontally polarized and focused into the gap of the parallel plates by using a plano-cylindrical Si lens. In the PPWG, the aluminum block is 38-mm wide, 29.7-mm long and 20-mm thick. The waist of the THz beam due to the plano-cylindrical Si lens is about 120 m. When the PPWG with a 103-m air gap is set parallel to the polarization of the THz beam, the THz pulse measured in the time domain is shown in Figure 2 (a). Based on the well-known wave equations, Maxwell's equations and the boundary conditions, only TE modes can exist in the PPWG. Because of the high group-velocity dispersion near the cuto frequency, the time domain pulse is stretched and expands to more than 150 psec with negative chirp. The lower frequencies travel slower than the higher frequencies. The lower inset gure shows the extension of the oscillation from 2 psec to 13 psec. Figure 2(b) shows the spectrum of the time-domain THz pulse. The low frequency is truncated until 1.46 THz, which is the rst cuto frequency to show up. The spectrum then extends up to 4 THz. When the PPWG is rotated 90 degrees and made perpendicular to the incoming THz beams polarization, the measured THz pulse is as shown in the upper inset of Figure 2 (a). The THz pulse has only TEM (TM H ) mode with low-loss and negligible group-velocity dispersion [2, 3] . The inset of Figure 2 (b) shows the TEM-mode spectrum without any cuto frequencies. The cuto frequencies of the TM and the TE modes are given by [16] f c = mc m, the third-order TE mode comes out at 4 THz, which is the frequency limitation for 4-THz bandwidth to get a single-mode THz eld. Because the receiver chip is a dipole antenna structure to detect the incoming THz eld, only the even incoming THz eld pattern can be detected by using the antenna. If the incoming THz eld pattern is odd, the integration of the THz eld coupled to the antenna is zero. Therefore, Figure 2 (b) shows the rst-order TE mode (TE I mode), which is an even eld pattern with a 1.46-THz cuto frequency. The calculated cuto frequency and the experimental result agree well. The second-order TE mode (TE P mode) does not show up in the spectrum because of the odd eld pattern. Since the TEM and the TM P modes are even eld patterns and the TM I mode is an odd eld pattern, the fundamental mode can be detected as TEM and TM P modes. However, the TM P mode has a very high absorption just after the cuto frequency, which gradually decreases to high frequencies (see the inset Figure 3(b) ) and it has a slow group velocity. For these reasons, the TM P mode component is very small and shows up far away from the TEM mode in the time domain because the spectrum shows up only on the TEM component, as shown in inset Figure 2 (b).
III. MODE ANALYSIS
If there is no dispersion material in the beam's path, the phase velocity V¨and the group velocity V g of a particular mode depend on the wavelength. The analytic expressions for the phase velocity and the group velocity in the PPWG are given by [16] V¨= V [1 (= c ) P ] I=P ; (2) V g = V ¡ [1 (= c ) P ] I=P ; (3) where V = I p and c is the wavelength at the cuto frequency. The speed of light can be expressed as p V¨¡ V g . At the cuto wavelength ( = c ), the phase velocity is innite and the group velocity is zero. When the wavelength decreases from the cuto wavelength, the phase velocity and the group velocity approach the speed of light in free space. (6) where`is the characteristic resistance and is the intrinsic impedance of the medium. The calculated absorptions for the three modes for a 360-m gap are shown in Figure 3 (b). The insets are for a 103-m gap. Because of the reactive wave impedance before the cuto frequency, the amplitude for each mode should be zero in the spectrum. Since the absorptions of higher TM modes, not TEM mode, are bigger than those of TE modes, the THz amplitudes of TM modes are more attenuated than those of TE modes. The TEM mode has no cuto frequency and its absorption gradually increases with increasing frequency; also, it has the smallest absorption coecient compared with higher TM modes in all frequency ranges. couples to the PPWG, the maximum amplitude of oscillations is about 160 pA, which is 6 times bigger than that of a 103-m air gap. The solid line of the inset shows the extended gure from 5 psec to 20 psec. The high-frequency oscillation components come rst and the low-frequency oscillation components come next because the group velocity of the low-frequency components is slower than that of the high-frequency components. The spectrum clearly shows a group-velocity delay, as shown in Figure 4(b) . The theoretically calculated cuto frequencies for TE modes are 0.42 THz, 0.83 THz, 1.25 THz and 1.67 THz from the rst to the fourth, as shown by the vertical dash lines in the spectral domain. Due to the evanescent wave before the cuto frequency, the spectrum of each TE mode comes out after the cuto frequency. The dominant TE I mode starts from 0.42 THz. Most of the spectral energy belongs to the TE I mode. The amplitude of TE P mode, which is for a 0.83-THz cuto frequency, is very small because of the odd eld pattern. However, the amplitude of the TE Q mode is relatively large compared with those of the higher-order modes because of the even eld pattern and small absorption. Also, the TE R mode (1.67-THz cuto frequency) has a dierent oscillation frequency than the TE Q mode. There are a total of 9 modes up to the 4-THz frequency range. Because of high absorption and the slow group velocities, the higher-order modes are dicult to observe in the measured spectral domain. Figure 4 (c) shows the measured TM modes when the waveguide is rotated 90 degrees. The rst shown THz pulse indicates the TEM mode and the delayed oscillation pulses indicate higher TM modes because of their slow group velocities, as shown in the upper inset gure (solid line). The maximum amplitude of the oscillations is about 30 pA, which is much smaller than that of the TE mode. The solid line of the lower inset gure shows the expanded oscillation from 40 psec to 55 psec. The two dierent-amplitude THz pulses are periodically repeating, which indicates that at least two dierent TM modes with very low group velocities are propagating. Figure 4(d) shows the corresponding amplitude spectrum for the THz pulse. The spectrum clearly shows the TEM (TM H ) mode (envelope of the spectrum) without a cuto frequency and higher TM modes with a cuto frequency. The small TM I mode, which is an odd eld pattern, comes out at 0.42-THz and the large TM P mode, which is an even eld pattern, comes out at 0.83 THz.
In order to reveal the major higher-order modes in fre- quency domain, a spectrochronography method, which an ecient tool to extend the THz time domain technique [17] , is used. The insets in Figure 5 show THz pulse data from 120 psec to 160 psec for the TE and the TM modes. The resonance spectra for the limited data are shown in Figures 5(a) and (b) . The amplitude of each resonance indicates mode coupling to the waveguide. As explained for the 103-m gap, only even eld patterns, such as TE I and TE Q modes, can be detected on the waveguide, as shown in Figure 5 (a). However, there are small TE P and TE R mode components because the system is not perfectly aligned. The odd mode components are very small compared with the signal from the even eld pattern. The TM mode data have the same situation. Because the TM P and the TM R modes are even eld patterns, they can be detected. However, the TM R mode has a large absorption at high frequencies, so the detection is very small, as shown Figure 5(b) . Because the alignment of the cylindrical lens to the parallel-plate gap and the alignment of the PPWG to the THz beam propagating through are not complete, small amplitude of TM I , TM Q and TM S modes (odd modes) are detected in the data. The amplitude of the TM Q mode is relatively large compared with those of other odd-mode components, such as TM I and TM S . The amplitude of the TM mode in Figure 5 (b) is limited to time data from 120 psec to 160 psec. The TM Q component is only 1.52 % for the total time data (see Table 1 ). Because the THz pulse for the TEM mode is located at 5 psec, as shown in Figure 4 In conclusion, we have investigated single-mode and multi-mode THz propagations in PPWGs with 103-m and 360-m plate separations. When the THz eld's polarization is perpendicular to the PPWG, only the TEM mode can propagate at a 103-m plate separation. The higher order modes can't be detected because the modes have large absorption and out-of-frequency bandwidth in the measured spectrum. Also, because the integration of the eld pattern of odd modes is zero, even modes can be detected, including the fundamental mode. This TEM single mode of a THz pulse is good for THz waveguide spectroscopy applications. If the waveguide is rotated 90 degrees, only the TE I mode can propagate through the plate separation. It can't detect any THz signal below the cuto frequency because the wave impedance only has reactive components that can be used for a high pass lter for a THz system. We also demonstrated multiple mode propagation with a 360-m plate separation. Using the spectrochronography method for the tail part of the measured THz data, we conrm that the coupling of even the eld pattern is dominant. The majority dominant mode is the lowest mode of TE and TM modes. Therefore, each mode has dierent parameter weight factors, such as transmission and coupling coecients, absorption and dispersion. In order to calculate the complex output spectrum, these parameters for each mode should be added. Finally, the calculated and the measured spectra for a THz eld are in good agreement in the time domain.
